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ABSTRACT

We report on recent progress in developing diffoacgratings which can potentially provide extreynbigh spectral
resolution of 18-10° in the EUV and soft x-ray photon energy rangeshSaigrating was fabricated by deposition of a
multilayer on a substrate which consists of a 6reedplazed grating with a high groove density. Tdiication of the
substrate gratings was based on scanning intedeidghography and anisotropic wet etch of siligmgle crystals. The
optimized fabrication process provided precise dmf the grating periodicity, and the grating gve profile, together
with very short anti-blazed facets, and near atafiyicmooth surface blazed facets. The blazedrgyatoated with 20
Mo/Si bilayers demonstrated a diffraction efficigrin the third order as high as 33% at an incidesntgle of 11° and
wavelength of 14.18 nm. This work was supportedhgyUS Department of Energy under contract numieAt02-
05CH11231.
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1. INTRODUCTION

High groove density and high-efficiency diffractigmatings are required for high-resolution softay-ispectroscogy
and EUV astrophysicsBlazed gratings coated with a multilayer (ML) an®st promising because they potentially
concentrate almost all the diffracted energy ifte brder of interest. They are, however, more diffito fabricate
because they demand very high quality of the sathtgsubstrate. Grating fabrication processes shprdgide both
precision control of the groove profile and low gbness of the groove surface. Despite the greahtgrogress in saw-
tooth grating fabrication techniques, the efficigi€ the gratings reported so far is still sigrgfintly below theory. The
best EUV blazed gratings are fabricated with irtenfice lithography combined with ion-beam etchfrand gray-scale
e-beam lithography Recent progress of these techniques has allowadhieve a diffraction efficiency of 36.2% at the
wavelength of 13.62 nm with a grating with the grealensity 2400 grooves/mm optimized for diffrantio the second
order® A denser 3000 grooves/mm grating has demonsteffiency in the second order diffraction of 29.%%the
wavelength of 15.79 nrhEfficiency of 41% has been obtained fhdrder diffraction at the wavelength of 12.5 nmhwit
a 1000 groove/mm grating fabricated with the gregles e-beam exposure methotihe examples above show that the
technological difficulties increase with higher gue densities and blaze order number, which aressacy to get high
dispersion and spectral resolution.

The level of the groove surface smoothness of MBlrms achieved in the works cited above is aet#ptfor EUV

(the wavelengths of 13 nm and longer) applicatidiws. shorter wavelength much smoother surfaceseayagred, and
that seems to be a problem for these techniques.aMeotropic etch of silicon single crystals lodkse a more

promising technique for blazed grating fabricati®he anisotropic etch can potentially provide aestgmooth surface
with a roughness as small as 0.1 hifhe technique is based on the high selectivityitiéon etching with alkali
solutions for {111} crystallographic planes, whiake etched slower by factor 100-400 than other.oHeis technique
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was suggested in R&ffor infrared gratings and then successfully apgplier grazing incidence hard x-ray blazed
gratings: The small surface roughness is crucial for safay-blazed gratings. First attempt to fabricate la ddated
blazed grating for the water window showed howiclift it is to realize the advantages of an andutr etch
approacH? A thorough optimization of the etch process aratigg design is necessary. In this paper we reparfirst
results of such an optimization. We describe an HilBzed grating which combines a high groove dgresitd high
diffraction efficiency in the § blazed order.

2. EXPERIMENT

The saw-tooth gratings were fabricated by anisatedly etching a silicon wafer with an aqueous fiolu of KOH. A
float zone silicon wafer with resistivity of 6000h@ cm was used. The surface of the wafer was ¢toégl11) plane,

but had a 6-degree miscut towards fh&2] direction. The miscut provided a 6 degree abglsveen the surface and

(111) planes. The wafer was covered by 20-30 niowistress CVD silicon nitride. The grooves of gighsequently
applied grating pattern should be parallel to thEL] planes on the wafer surface. The main flahefwafers can serve
just as a preliminary reference for the in-plandewarientation. In order to find a more exact wabeientation a
preliminary KOH etch of a fan pattern was appligdilsr to Ref!! The fan pattern consists of spoke-like rectangular
openings which have different in-plane rotationse Dpenings are made in the nitride by contactgtitiodgraphy and
RIE plasma etch. Then a KOH etch was applied, ibstlts in etching of trenches in the wafer. Thahieg of trench
sidewalls produces an undercut of the nitride ogativhich can be measured with a Scanning Eledimnoscope
(SEM). The larger the inclination of the sidewdilsm {111} planes, the faster is the sidewall etate and the larger is
the nitride undercut. The minimum undercut foundfiting of the undercut data versus the rotatiogla of the
trenches by a second order polynomial shows theetifin of intersection of the {111} planes and theffer surface. The
minimum undercut direction was used as a referémcerientation of a periodic line pattern with acp of 200 nm.
The pattern was produced with scanning |nterfere|mu:etollthography using the state-of-art Nanorulestrument
available at MIT* The parameters of light exposure of the photoregise optimized to obtain the duty-cycle ratio of
0.25-0.3. After reactive-ion etch (RIE) of the asfliective coating and the nitride, the wafer wésaned and cut in
small samples which were used for KOH etch optitioza The grating sample discussed in this papsréhaize of
6x8mnf. The wet etch of a sample was performed at roanpéeature and at a KOH concentration of 20% with
intensive agitation of the solution. After the KQdtch finished, the nitride mask was removed andstraple was
cleaned in order to prepare for surface charactéoiz.

Groove profile and groove surface quality were ahtarized with a Dimension 3100 Scanning Probe ddioope
(SPM) operating in tapping mode. Silicon probeswitnominal tip radius of 7 nm were used. Scanniag performed
in both parallel and perpendicular directions ietato the grating grooves. The parallel scansn$icees are parallel to
the grating grooves) were used for surface roughmesasurements. The SPM images were flattenedlion-ay-line

basis: a first-order polynomial was subtracted freawch line in order to compensate an average sibffee image and
bring all lines to the same height to compensatettiegree slope of the facets. The roughnesseofithove surface
was calculated for an entire area of a Lrf flattened image, the nub and anti-blazed faceasawehich suffer from
artifacts when such a kind of flattening is applwdre excluded from the calculation. Note, linelmg flattening

makes facets flat, and information about the reabge profile is lost in this way. In order to mass the grating
profile, the perpendicular scans (scan lines petigeiar to the grating grooves) were performed. ibstforder

polynomial was subtracted from the entire imagedmpensate an average slope of the image. The dtakanti-blaze
angles of the gratings were measured by averadirgf the lines of each image followed by a linddrof the facet

surface.

The multilayer coating composed of 20 Mo/Si bilayaias deposited on the nub-free (see details bdd@aakd grating
substrates by dc-magnetron sputtering. Simultahgoaisvitness multilayer mirror was deposited difaaisilicon wafer.

In order to provide a uniform thickness of the augtthe deposition was performed by moving wittoastant-rate the
substrates over a source aperture designed toder@vuniform thickness of the coating on a subestrBihe multilayer
period of 7.24 nm was desired in order to provide Bragg condition for the blazed wavelength of ghating with

200 nm period and the grating angle of 6 degrekes.dptimal period of the multilayer was estimateghf the grating
equation and the Bragg condition, taking into actwafraction*?
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wheredyaing IS @ grating periodg is the blaze angléd)y, is a multilayer perioddis an increment of a real part of the
refraction index of the multilaye@is a Bragg anglen is the grating order, andis the multilayer Bragg order.

In order to minimize deposition of the multilayan the anti-blazed facets, the grating substrateneastrictly placed
against the center of the magnetron source, hwasdt off-center by 35 mm. Here we took into accdbatfact that the
topography translates along the average directi@mdncident atomic flux that was observed in Béor binary phase
multilayer gratings.

The total thickness of the 20-period multilayed &5 nm which is close to the width of the gratiagdts. Note, that a
twice thicker multilayer is necessary to get thghlkist possible reflectivity. However, for the theckmultilayer we
would expect a reduction of grating efficiency doeperturbation of the structure of the multilayack caused by
distortion of the grating profile, deposition oktimaterials on the anti-blazed facets, etc. ltiffecdlt to predict what
part of the 200 nm groove will be affected, but therturbation will be evidently increased with iease of the
multilayer thickness. In order to minimize the pielation effects in the pilot experiment descrilbede, we choose the
thickness of the multilayer to be reduced.

Efficiency measurements were performed at ALS bewn$.3.2, ALS. The incident angle was set to 5°tifie flat

witness, and 11° for the grating (that correspdnds® angle between incident ray and 6-degree graovface). The
detector slit with size of 0.5 mm provided the daguesolution of 0.12°. On the other hand thevedis still wider than
the beam, which insures the correct efficiency memments. The detector scans over the diffractiogleawere
performed at the wavelengths between 13.4 nm ar@rith with an increment of 0.1 nm. The data wenenadized to

the direct beam measured over the wavelength rakige.a wavelength scan with the withess sample peaformed in
order to determine the resonance wavelength afliéglayer.

3. RESULTSAND DISCUSSION

The SEM image and SPM profile of the grating aK&H etch are shown in Fig.1. High etch selectiiythe {111}
planes provides well shaped 6-degree blazed fatete grating. The anti-blazed facets are tiltgdvimre than 65° and
occupy about 5% of the length of a groove. Thisnisch better than what has been achieved with thepettive
techniques of fabrication of blazed gratings. Tremimperfections of the anisotropically etchedtigiaare the silicon
nubs seen in the upper part of the grooves (FigTligy are shaped with {111} sidewalls and the $agface, which is
the original surface of the silicon wafer coverdthwhe nitride mask during the KOH etch. The widftthe nubs is 15-
20 nm and the height is about 30 nm. The nubs adesirable features of the grating profile sinoeythan lead to
shadowing the atomic flux during the coating depmsi and result in significant perturbations of thmultilayer
structure. Such a perturbation that occupied &afgignt portion of the grooves of a 1@n period grating was one of the
main reasons for efficiency losses in R&Eor a 200 nm grating the nubs cannot be tolerattedl because the thickness
of a multilayer is comparable to the grating peréol the corresponding perturbation of the muléitagtructure would
be large.

A chromium deposition followed by a lift-off procesvas applied earliin order to remove the nubs. This technique
produces trenches instead of nubs which are mutterifeom the point of view of the shadowing prahleHere, in
order to obtain a nub-free triangle profile of im@oves, we tried a few different approaches akedaon the oxidation
of silicon. First, we tried a silicon thermal wetidation performed at the temperature 800°C arid@d by an oxide
etch with 49% hydrofluoric acid. This technique wasind to result in rather curved facets and, tloees it was
rejected. A better result was obtained with a mldtistep procedure consisting of chemical oxidatdternated by
etching the grown oxide. In each step, the surfdi¢be silicon grating was first oxidized with Ritza (a heated mixture
of sulfuric acid and hydrogen peroxide) and themdkide was etched out with hydrofluoric acid. Acsin oxide layer
with thickness of 1-2 nm should grow and be remodadng a cycle; the process consumes 0.5-1 nnheofsilicon.
Because initially the nub width is about 15-20 rafter 10-15 oxidation/etch cycles the nub sidewaléset each other
and the nubs collapse. Finally, the profile of ghating groove approaches an ideal triangle shithpeigh some residual
nub features can be still observed in the SPM laofifter 15 cycles (Fig. 2b).
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Fig. 1. A SEM image (a) and an SPM profile (b)ed 200 nm grating after KOH etch and nitride maskaval. There are
silicon nubs which should be removed before ML da#imn. The width of the nubs is 15-20 nm, the heig about
30 nm.

The SPM images shown in Fig. 3 give an idea how riwphology of the groove surface changes afteh eac
technological step discussed above. After the K@ih-astep, the surface consists of horizontal atalyicsmooth
terraces (each of them has its own color) which (&4fel) planes and atomic steps. This kind of moigdyois an
inherent feature of the step-flow mechanism of @nimic etching? when the (111) terraces are relatively stabléo t
etchant when compared with the atomic steps; am@tth predominantly occurs as a motion of the &teteps. There
are 40-50 steps over a one-micron SPM trace (ge8mM profile in Fig. 3a), therefore, an averagdtiwof a terrace is
about 25 nm. From our previous experietfcere know that low groove density gratings with a@ige of 4-10 microns
suffer from significant curvature of the groove fage. We found that this imperfection is causedabyon-uniform
distribution of the step density across a 2-8 nmiciacet of the gratings. It is not still clear wthe distribution is not
uniform, and how to obtain a flat surface. In orttebypass the problem we shifted to the 200 nriogeagratings which
were expected to be free of the groove curvatuoeogs a single (~200 nm) facet, there are justnasteps, and their
positions are rather random. The perturbation efféltet surface by the randomly distributed steptescribed with the
surface roughness rather than with systematic rtiisto of the groove profile. This is confirmed withhe SPM
measurements of the grating profile (Fig. 1). Tleasurements do not show any significant variatidh@blaze angle
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Fig. 2. Cross-section image (a) and SPM profiles dbthe nub-free 200 nm grating coated with MorRliltilayers
composed of 20 bilayers. Both before and after sigipa profiles of the grating are shown by lowedaipper curved
respectively.

across the groove. The surface roughness measueedl®lum? varies from scan to scan within the range of 0.25-
0.28 nm rms.

After the nub removal procedure the groove surfagaificantly changes (Fig. 3b). There is not gstew morphology
anymore; it is replaced by a granular morphologdyisTine granulation evidently increases the higigéiency surface
variation, and the SPM measurements yield a suraeghness of about 0.4 nm rms for a Jxd scan. Other serious
surface imperfections are nano-pits which are 30#30wide and a few nanometers deep. The best sarhple a
relatively small number of the pits (just a coupfehem are seen in Figs. 3b and 3c), so theirritasion in the total
surface roughness is minor. However, the nanoagiésdifficult to control; they tend to multiply andcrease in size
with a number of the oxidation cycles. The nanogsitblem is probably related to the purity of thkcen surface
during the process of chemical oxidation and rexgufurther optimization of the nub removal stepteNihat similar
nano-pits were observed after a RCA-1 clean ofwiliwafers; and the authors used the same Piranha/HF cycles to

remove the pits.
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Fig. 3. Morphology of the groove surface of the 20@ grating after KOH etch (a), nub removal (b)d anultilayer
deposition (c). The typical SPM profiles are alémwn to illustrate the surface height distributionthe direction

parallel to the grooves.

Deterioration of surface smoothness might be awitagle drawback of the oxidation approach. We st from a
highly anisotropic KOH etch, which is a powerfubt@roviding smoothing of the high-frequency roughs, to a rather
isotropic process of silicon oxidation. If furthiewestigation confirms this point, the oxidationpapach will probably
not work for soft x-ray gratings, and should belaepd by a more efficient one which would providstba triangle
profile of the grooves and good quality of the fagerface. For EUV gratings the obtained roughiesgiite tolerable
since it does not significantly affect the gratiefficiency as it is shown below. Moreover, the hifflequency
component of the surface roughness introduced éynttb removal step can be partially smoothed bynth&ilayer



deposition. Indeed, some improvement of the surfaabserved after the multilayer deposition: thaghness of the
groove surface of the grating coated with the daylér is 0.3-0.35 nm rms (Fig. 3c). The multilagenoothes the high
special frequency features, such as a fine graan|dtut the larger defects, like nanopits, aréwsgll visible.

The smoothing ability of the multilayer is vitalrfsurface roughness suppression, but it adverdédgta the grating
profile. The profile change is well visible on theoss-section SEM image as well as in the SPM $raté-ig. 2. The
surface of the blazed facets gets slightly convithe apexes of the triangle grooves are signifigasithoothed and
rounded. Since they are high-frequency featurethefgating profile, they are mostly affected by #meoothing. The
geometry of the deposition setup can also causkaage of the grating profile. Because of the lasge of the
magnetron source, the atoms arrive to the subgn@tea wide solid angle. This causes a depositfathhe material on
the anti-blazed facets and promotes rounding ofafiex. As a result of the smoothing processesatitieblazed facet
gets rather curved and its average slope angleesduom 64° before the deposition to 25-30° dfterdeposition. At
the same time the areas at the bottom of the blfemsts appeared to be partially shadowed. Theostiad effect
which predominates over the smoothing of these highpuency profile features results in small trosigi the bottom
part of the grooves.

The profile changes seen in the upper and the fogttart of the facets cause undesirable perturbatiaghe multilayer

because of local variation of the blaze angle angéoiod of the multilayer. The perturbed area poesi approximately
25-30% of a 200 nm facet. As it was mentioned aptwe rounding effect is probably due to the spegéometry of

the multilayer deposition and due to surface migrabf the deposited atoms. Note that the depasgisometry can be
significantly improved by using strongly collimatatbmic beams, for example, ones obtained by i@mbsgputtering.

However, a complete suppression of the roundingceBeems to be impossible due to the fundamemabcter of the
surface mobility of the deposited atoms. This meafiisndamental limitation for groove density of Mlazed gratings,
because the shorter period of the grating the tgrgeion of a ML facet is perturbed.

This limitation can be overcome with the methodgasged in Ref® and firstly realized in Réf. The method is based
on the sliced grating approach developed by theoasit'? earlier. According to the method, a blazed ML iggt
fabricated by deposition of a soft x-ray multilay®r a low groove density saw-tooth substrate istadally polished
removing part of the coating. The polishing formmsablique-cut multi-line structure that is a slicedltilayer grating.
The resulting grating has a short-scale periodigitines, which is defined by the multilayer petiand the oblique-cut
angle. The total number of lines of the original Mliced gratin§’*°is limited by the total thickness of the multilaye
In the method used in REFY the limitation is overcome by using a blazed igasubstrate coated with a reasonably
thin multilayer. Note that in contrast to a 200 Mh blazed grating, the portion of the sliced grgtierturbed by the
atomic mobility effect is significantly reduced,daane can expect efficiency improvement providing facet curvature
problem would be solved. In spite of the fact ttte present work is mostly devoted to the developgnoé a high
quality ML blazed grating, the investigation is arpof the more broad research and developmentamoghat also
includes optimization of the processes to fabrigatger high density sliced multilayer gratings ahig for soft x-ray
applications.

Returning to the grating profiles shown in Figtt& positions of the apexes of the multilayer argecdifferent from the
position of the tooth top edges of the grating salbs. The apexes are shifted to the left in Fagc@rresponding to the
direction of the multilayer growth that should berallel to the average direction of the atomic ffrom the magnetron
source. The observed direction of the ML growthuslitatively consistent with the average directidithe atomic flux;
however, there is some quantitative differencethien course of the ML deposition, the atomic fluxswdirected at an
angle of approximately 20° in respect to the diogechormal to the substrate surface. That is nalibedifferent from
the observed angle of apex shift of about 12.° idege, the angle of apex shift is not constant aelrs to increase
with the multilayer thickness. In any case, theepbation shows that the apex shift can be contidiie the adjustment
of the sample and therefore can be optimized irfthae in order to get higher grating efficiency.

The diffraction efficiency of the multilayer coatéthzed grating was measured at ALS beamline 643.the incident
angle of 11°, the blazed wavelength of the incidight was found to be 14.18 nm. Figure 4 showst@ctor angle scan
recorded with this wavelength fixed. The efficierafythe 3% inner order is more than 33%. Total efficiencyatifother
observed orders does not exceed 4%. Tharfl higher positive orders can not be observedusecthe detector blocks
the incident beam. The"2and 4" orders are almost equally suppressed; this ig@asire of an optimal ratio of the
grating and multilayer periods, when the maximahaf multilayer bandwidth and the groove diffractimmction are
matched. The'3blazed order rests on a background of diffusetexdag due to the roughness of the facet surfabe. T
signal-to-noise ratio is £0confirming the very good quality of the grating.
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Fig. 4. Efficiency of the multilayer coated gratingpasured at the incidence angle of 11° and thelemgth of 14.18 nm.

Figure 5 shows the dependence of the efficiencthef3” positive order with respect to wavelength. Theeefence
was obtained from a series of the detector angémsscsimilar to one shown in Fig. 4, performed Hdfecknt
wavelengths. A wavelength scan with the witness ifitror performed at the incident angle of 5° meadurom the
normal is also shown. The angle corresponds tagtheng incident angle:=11° accounting a 6-degree blaze angle.
Both curves have a very similar shape because tivkivg wavelength range of the multilayer coatedtigg is
determined by the bandwidth of the multilayer retite. The reflectivity of the witness mirror is higr than 52%;
therefore, the grating groove efficiency is abo8%6 We believe that the perturbations of the maygr caused by
rounding discussed above are the main reason offethéction of the groove efficiency. The perturbgtion of a
groove of 25-30%, leading to a direct loss of grgfficiency, roughly explains the measured efficy. An additional
impact of the perturbations on the grating efficieins due to a change of the groove diffractionction. For an ideal
grating with no perturbations, the facet length lddoe equal to the grating period. In this casentir@ma of a groove
diffraction function would coincide with the positi of diffraction orders (except for the blazedey)dand all orders
neighboring to the blazed one would be suppreddediever, because of perturbations the working pathe facet
decreases and that means the facets get narrawesults in a wider groove diffraction functiotet minima of the
groove function and the positions of the diffrantiorders do not coincide anymore, and the ordepgapto be not
suppressed completely. Hence, some part of theadifbn energy is directed into the non-blazed wdend the
efficiency of the blazed order reduces.

The performed measurements suggest that the gecahgterturbations of a ML blazed grating signifitly affect the

grating diffraction efficiency even at the EUV eggrange when the grating operates close to noimoaence. For a
soft x-ray grating, the problem can be much mokesebecause the grating would operate at gramirigence. In this
case the incident and reflected radiation will péh&sperturbed areas and, therefore, suffer froditiadal absorption.
The minimization of the perturbed areas seems tnieeof the main issues in making further progré€sse can possibly
take advantage of an increase in the grating pesiade this would reduce the relative portionhef perturbed areas.
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Fig. 5. Wavelength dependence of efficiency of3fl@rder of the grating (dots) and multilayer witnesfiectance (line).

Figure 5 shows that the resonance wavelength fisréift for the grating and the witness multilay@ince the grating

blaze condition is determined by the multilayer dwaiulth, the shift of the resonance wavelength mehatsthe period

of the multilayer deposited on the 6-degree tijeating facets is 4% larger of that of the witnessor. The difference

can be explained by the fact that the magnetrontagavas optimized for a flat substrate rather thanafaraw-tooth

surface. A coating deposited without the apertuoalld have a dome-like radial distribution of thieles, partially due
to variations of the angle between the average iatfiox and the substrate. The shape of the apeitupptimized to

compensate the flux angle variation by increashmgexposure time of peripheral areas of a 4-intsafies and provide
in this way a uniform thickness of the coating. Tnating has 6 degree tilted facets, and the fadeadistribution is

rather different from that for a flat substrate.eTéxisting aperture does not provide the rightkiméss compensation
throughout a saw-tooth substrate area. For a saalble the ML period depends on the sample posiéind can be
larger or smaller than the period of a flat ML veiss. In the case of the grating discussed herapdsgure results in a 3-
4% increase of the multilayer period. The ML periatiation over the grating area was estimatedetéebs than 1%,
but for larger gratings the optimization of the dpee is required.

4. CONCLUSIONS

A high quality blazed grating was fabricated byrsdag interference lithography and anisotropic K@téhing of

silicon. The optimized anisotropic etching of shpetiod gratings provides excellent control of #iepe of grating

facets which are completely free from curvaturejehan ultra high smoothness of groove surface parety steep angle
of anti-blazed facets. Following the technologistdps of nub removal and multilayer deposition lteésusome mild

deterioration of the grating and require some &ulthl optimization. Achieved performance of thetgg fabrication

process provides the efficiency of a multilayertedagrating as high as 33% even with a half-thiak/$1 multilayer.

The 200 nm period grating operating ifl Blazed order has a very high dispersion equahefor a first order grating
with the groove density of 15,000 grooves/mm. Thghtpotential of the described techniques providesoptimistic

outlook for fabrication of ultra-dense and ultrafthiresolution soft x-ray gratings. It should alse fnentioned that
calculations have shown that very high diffractefficiency can be achieved in almost arbitrarilgthiorder, if the

grating can be made perfect enough.
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